A magnetic particle time-of-flight (MagPTOF) diagnostic has been designed to measure shock-and compression-bang time using D 3 He-fusion protons and DD-fusion neutrons, respectively, at the National Ignition Facility (NIF). This capability, in combination with shock-burn weighted areal density measurements, will significantly constrain the modeling of the implosion dynamics. This design is an upgrade to the existing particle time-of-flight (pTOF) diagnostic, which records bang times using DD or DT neutrons with an accuracy better than 
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I. INTRODUCTION
Recent experiments at the National Ignition Facility (NIF) 1 have made substantial progress in the effort towards fusion ignition of an inertially confined implosion. Better understanding and optimization of the 1D performance of implosions at the NIF has been identified as an important path forward to attaining ignition. 2 Shock burn, a brief period of fusion production during the shock collapse and rebound at the center of the implosion, is closely associated with the strength of the shock. The rebounding shock striking the imploding fuel and shell also initiates deceleration, which culminates in peak fuel compression and burn. A direct measurement of the shock-bang time and the time difference between shock-and compression-bang time ( BT) will provide valuable new constraints on the 1D physics of the shock propagation and shell deceleration, improving the understanding of the in-flight conditions of the fuel and shell. In hydrodynamic simulations of NIF-scale implosions, BT is insensitive to changes in the experimental parameters. However, experimental evidence seems to suggest that BT may be changing by as much as 50%. In implosions with deuterium and helium-3 gas fill, the rebounding shock heats the central fuel and initiates D( 3 He,p) 4 He fusion reactions which produce 14.7 MeV protons. The spectrum of the emitted D 3 He protons is measured by the Wedge Range-Filter (WRF) proton spectrometers, 4 and from the energy downshift, the total areal density (fuel and shell ρR) of the implosion is measured. 5 Comparisons of ρR at shock-bang time to time-resolved x-ray radiographs of the implosion trajectory 6, 7 indicate that the data are best explained by a change in BT of approximately 400 ps as coasting is varied from 1 to 2.5 ns. 3 Since these shifts are not reproduced in simulations, they suggest that the timing of the shock collapse at the center of the implosion and of the subsequent onset of the deceleration phase are not well understood. A direct measurement of BT would strongly constrain models of shock-propagation and deceleration-phase dynamics. An upgrade to the particle time-of-flight (pTOF) diagnostic 8 has been designed to provide measurements of both shock-and compression-bang time by time-resolved observation of D 3 He-proton and DD-neutron production, respectively. The pTOF has accurately measured bang times at the NIF using DT-and DD-fusion neutrons for over 3 years, and has also measured bang-time in polar-direct-drive implosions using D 3 He-protons. 8 In polar-direct-drive implosions using D 2 fuel, pTOF has recorded both primary DD-neutrons and secondary D 3 He-protons, with yields comparable to those observed at compression-and shock-burn, respectively, in indirectly driven D 3 He gas-filled implosions. This data, shown in Figure 1 , provide a proof-of-principle for measuring BT using these species. However, for indirect-drive implosions, the substantial shielding required to limit x-ray background to acceptable levels prevents the D 3 He-protons from being detected. By including a small dipole magnet, the Magnetic pTOF (MagPTOF) will deflect protons around the shielding and onto the detector, allowing for simultaneous measurements of D 3 He-protons and DD-neutrons produced at shock-burn and compression-burn, respectively. Section II of this paper discusses the design of the Mag-PTOF diagnostic for the NIF. Optimizations to the magnet and calculations of the proton trajectories through the magnet design are presented in Sec. III, and the predicted signal and dominant sources of background are discussed in Sec. IV. The conclusions are presented in Sec. V.
II. DESIGN
The MagPTOF diagnostic represents a significant upgrade to the existing pTOF diagnostic on the NIF, and includes four main components, depicted schematically in Figure 2 . The MagPTOF detector, cables, bias, and oscilloscope systems are identical to the existing pTOF system, which is described in detail in Ref. 8 . The detector, nominally positioned 49 cm from the implosion, detects protons between 6 and 16 MeV. X-ray shielding made of tungsten cylinders protects the detector from direct x-ray fluence from the hohlraum. This shielding may be configured in units of 0.5 cm up to a maximum of 4 cm, depending on the predicted level of x-ray background. A permanent dipole magnet with a peak field of approximately 1 T deflects protons around the shielding and onto the detector. Lastly, an annular piece of CR-39 nuclear track detector 9 can be positioned around the pTOF detector, to confirm proton fluence and energy on the detector after each experiment.
An engineering design for the diagnostic that meets NIF requirements has been completed. The MagPTOF assembly shown in Fig. 3 (a) maintains the relative alignment of the magnet, x-ray shielding, and detector. The housing is made of aluminum to reduce weight; surfaces facing target chamber center are covered with stainless steel for ablation resistance and debris shielding. This assembly weighs approximately 4 kg. Like the pTOF diagnostic, the MagPTOF assembly is fielded on the diagnostic instrument manipulator (DIM) 10 installed on the NIF target chamber at the angular position (θ = 90
• , φ = 78 • ), as shown in Fig. 3(b) . The MagPTOF mounting bracket replaces the upper half of the previous 4-position pTOF/WRF mounting bracket with an alternate design to support the added weight of the MagPTOF assembly. The center of the magnet aperture is positioned 13.6
• above the equator, matching the polar angle of the neighboring WRF. For cylindrically symmetric hohlraum designs, the protons incident on both MagPTOF and WRF will be ranged through identical hohlraum profiles, and proton spectra will be identical along both lines of sight. Since the evaluation of shock bang-time from the MagPTOF proton data requires precise knowledge of the proton energy, matching the WRF polar line-of-sight reduces the uncertainty in the measurement. The location of the adjacent upper WRF in the target chamber is maintained from the previous 4-position design. The hardware holding the two WRFs below the equator is unchanged.
III. MAGNET OPTIMIZATION

D
3 He-protons emitted from NIF hohlraum implosions typically have a peak energy in the range 8-12 MeV, accounting for energy downshift in both the imploding capsule and the hohlraum wall. A magnet has been optimized for the Mag-PTOF system, to reliably deflect protons in this energy range onto the CVD-diamond detector without requiring active controls or detailed knowledge of the proton spectrum prior to the experiment.
The deflecting magnet, a permanent dipole to be manufactured by Dexter Magnetic Technologies, is composed of Nd 2 Fe 14 B, with a density of 7.4 g/cc, and is sheathed in vacuum-tight autenistic stainless steel to prevent outgassing of the glue compound into the NIF target chamber. The magnet has a pole gap of 1.5 cm, a pole depth of 2 cm, and is 8 cm long. The aperture in front of the magnet is positioned 31 cm from the implosion, subtending a solid angle fraction of 1.08 × 10 −4 . A peak field of 1 Tesla deflects incident protons away from the magnet's yoke into the region behind the x-ray shielding. The radius of curvature for a charged particle in a magnetic field is R gyro = p/qB, where p is the particle momentum, q its charge and B the magnetic field strength. For a 10 MeV proton traveling through the MagPTOF magnet, the peak radius of curvature will be approximately 50.9 cm. This proton's path will be deflected by approximately 9
• after transiting the magnet. To maximize the path length of the protons in the magnetic field, the body of the magnet is rotated 4
• in the bending plane. This rotation balances the entrance and exit angles for 10 MeV protons arriving at the magnet from TCC, and also introduces a weak focusing of protons in the bending plane.
A series of proton trajectory calculations were performed using the geometry and modeled field of the magnet described in Sec. II. In the nominal geometry, the detector records protons generated at TCC with energy in the range 6 to 16 MeV, as shown in Figure 4 cross-field direction and defocusing in the parallel-field direction.
An important design consideration for the magnet is to minimize the effect of misalignment on the proton signal level. As the diagnostic is mounted onto the side of x-ray diagnostic snouts fielded on DIM (90,78), the system is not independently pointed and must be designed to function correctly with any DIM instruments. In practice, nominal insertion depth of the existing pTOF diagnostic has varied by ±1 cm, depending on the DIM instrument installed. With the magnet line-of-sight nominally aligned to 13.6 • above the equator, this insertion depth variation translates into approximately ±0.4
• of misalignment in the bending plane (dispersion direction).
To evaluate the effect of mispointing the MagPTOF, proton trajectory calculations were also made for proton launch points moved by ±1 cm both in the bending-plane and perpendicular to the bending plane, corresponding to a ±1.6
• angular mispointing. Figure 5 shows the results of this study, which indicate that the design robustly transport protons to the detector with an effective solid angle fraction of ∼1.6 × 10 −5 or higher for misalignment of ±1.6
• in all directions, well beyond the expected alignment uncertainty.
Temporal broadening of the proton signal due to increased path-lengths in the system was also examined, and the results for 10 MeV protons are shown in Figure 6 . For all proton energies studied, this magnet design introduced a temporal broadening of less than ±7 ps, well below other timing uncertainties. For comparison, typical proton spectra measured in D 3 He gas-filled implosions at the NIF display a FWHM of FIG. 5 . Calculated 10 MeV proton trajectories for the MagPTOF system when the proton source location is offset by +1 cm (magenta dotted) and −1 cm (blue dashed) relative to the origin (a) in the bending plane (x,y) and (b) perpendicular to the bending plane (x,z). The protons were transported through the dipole magnetic field (black, red) to the detector (black). The MagPTOF system was found to be tolerant to offsets of this size, which translate to ±1.6 • misalignment of the detector line-of-sight.
∼1
MeV. This spectral width corresponds to a time-of-flight broadening of approximately 500 ps, which dominates the observed temporal width of the proton signal and renders the temporal broadening due to the magnet negligible. The advantages of a focusing magnet for increasing the proton signal were considered. However, such a magnet would have more stringent alignment requirements and would require better a priori knowledge of the incident proton spectrum. The expected proton signals with a non-focusing magnet are sufficient for making the desired measurement.
IV. SIGNALS AND BACKGROUND
The primary goal of this upgrade is to minimize background due to x-rays from the implosion while measuring the D 3 He-proton signal. Based on D 3 He-proton signals observed using the pTOF on NIF and OMEGA 8 and the effective solid angle of MagPTOF, the expected MagPTOF signal level for a typical shock D 3 He-proton yield of 1 × 10 8 is approximately 50 mV. Because the x-ray background sources and the proton signal are separated by approximately 10 ns due to timeof-flight, which is several times the impulse response falloff time (∼1.4 ns), the detector has time to recover from x-rays prior to observing the protons. However, for a robust proton measurement, the peak x-ray background should be comparable to or smaller than the signals of interest. Possible background sources with the MagPTOF conceptual design have been thoroughly reviewed, including direct x-ray signal from the hohlraum, x-ray fluorescence in the magnet, shielding, and mounting hardware, and photo-and Compton-scattered electrons from the tungsten shielding.
X-ray-induced fluorescence in the magnet was found to be the most significant source of background. Although the magnet is composed primarily of iron, the primary source of fluorescent background is expected to be the neodymium due to the higher-energy x-rays produced (E line = 43.6 keV, compared to 7.1 keV for iron) and the comparatively large probability of fluorescence (P fluor = 92.2%, compared to ∼34%).
11 Photons with 43.6 keV have a mean free path in the magnet material of λ = 270 μm, defining the volume of magnet material that can produce fluorescent background for the detector.
The number of photons incident on the magnet with energy high enough to stimulate fluorescence depends on the x-ray spectrum observed, as
where S(E) is the spectrum of x-rays produced in the experiment, in units of keV/(keV Sr); (μ/ρ) Nd is the x-ray mass attenuation coefficient of neodymium 12 and w Nd = 0.267 is the mass fraction of neodymium in the magnet; ρ mag is the density of the magnet; x 1 is the depth in the magnet from which fluorescent photons can escape; and 1 is the solid angle of the inside magnet surface in Sr. If we assume that fluorescent photons from a depth of λ are able to escape and strike the detector, then from the geometry discussed in Sec. II, x 1 ≈ 2.6λ = 566.8 μm.
The energy absorbed in the detector via neodymium Kshell fluorescence in the magnet is estimated conservatively as: E abs = NP fluor E line ( 2 /4π )P abs f abs , where P abs is the probability of photon absorption by the detector; 2 is the solid angle of the magnet inner surface relative to the detector; and f abs is the fraction of the photon energy absorbed in the detector. For Nd-fluorescence photons, the dominant absorption process in the detector is incoherent Compton scattering, but the average fraction of energy deposited by this process is only f abs = E line /(M e + E line ) ≈ 8%. Because of this, the energy absorbed through Compton scattering and Photoelectric absorption are comparable, and the product P abs f abs ≈ 0.2%.
Numerically integrating over the measured spectrum S(E) from a typical shot with a peak laser power of 420 TW, 13 and scaling this model to the x-ray peaks observed by the existing pTOF, a background peak amplitude of 110 mV is expected, comparable to the expected proton signal. If necessary, this background may be further reduced by including 
Source of background Estimated background
Nd K-shell fluorescence 110 mV (no filters at detector) 7 mV (w/ filters at detector) X-ray scatter from mounting bracket 14 mV Direct x-rays 5 mV e-scattered from W <1 mV Total 130 mV (no filters at detector) 27 mV (w/ filters at detector) additional filtering at the detector: the current standard proton filtering of 50 μm Ta + 100 μm Au would reduce fluorescent x-rays striking the detector by a factor of 15.
Other sources of background were also evaluated. The direct x-ray spectrum is dramatically reduced by the tungsten shield and produces only 5 mV of background. X-ray scattering from the detector mounting bracket, which has been found to be the primary source of background for the existing pTOF diagnostic when fielded with 2 cm tungsten shielding (∼300 mV), is expected to produce 14 mV for MagPTOF as much less of the detector mounting bracket is directly exposed to TCC. Photo-and Compton-scattered electrons from the rear surface of the tungsten shielding are expected to produce a background of less than 1 mV. Other sources of background, such as x-ray fluorescence in the neighboring DIM hardware and neutron-induced fluorescence, have not been reviewed in detail, but simple estimates indicate they are negligible compared to the neutron and proton signals and the effects considered here. Complete modeling of the DIM hardware using GEANT4, a multi-physics Monte Carlo particle transport code, will be used to validate these estimates in the future. A summary of estimated contributions to the MagPTOF background may be found in Table I . These estimates are comparable to or less than the expected proton signals, allowing a robust measurement of D 3 He-proton bang-time. While the pTOF diagnostic has routinely measured compression-bang time using 2.45 MeV DD-neutrons, the additional mass of the magnet and shielding will scatter neutrons and change the detector's effective sensitivity and impulse response. The tungsten x-ray shielding has a single-scattering depth of approximately 2.5 cm for the DD-neutrons. For the default 2 cm shielding, it is estimated that the fraction of unscattered neutrons reaching the detector will be ∼46% of the initial neutron fluence. Nearly all (>99%) of the neutrons scattered in the tungsten shielding will be deflected sufficiently to miss the detector. The detector occupies a solid angle fraction of approximately 0.0002 with respect to the shielding, while the neutrons are scattered over a fraction of approximately 0.1, with an average scattering angle of ∼30
• . For this reason, the neutrons scattered in the shielding are effectively lost to the measurement.
The substantial mass in the MagPTOF housing and magnet will also scatter DD-neutrons into the detector. These scattered neutrons will have longer path-lengths and reduced energy relative to the direct unscattered neutrons, resulting in a delayed arrival time at the detector. To evaluate the impact of such scattering on the observed neutron signal, a model of neutron scattering in MagPTOF was developed using the particle Monte Carlo transport code MCNP5. 14 Neutron energy deposition in the detector was simulated as a function of time for a simplified version of the MagPTOF geometry including magnet, housing bracket, 2 cm tungsten shielding, and detector. In these simulations, 95% of the neutrons passing through the detector were unscattered. The scattered neutrons appear as a tail on the time-resolved neutron energy deposition in the detector, as shown in Figure 7 . These scattered neutrons contribute only 11% of the total energy deposited by all neutrons. Due to the small amplitude of this signal tail, the analysis procedure for the DD-neutron signal peak as described in Ref. 8 will not be substantially impacted.
Based on these estimates of proton and neutron signals and x-ray background, a typical MagPTOF trace was simulated, as shown in Figure 8 . This predicted signal is for a FIG. 8 . Predicted signals and background for the MagPTOF system (blue) for a NIF implosion with an ion temperature of 3 keV demonstrate a clear record of both fusion species of interest, distinct from the x-ray background. This model includes standard additional filtering on the detector, focusing of the protons, and 54% neutron scattering in the tungsten shield, as well as a 1 mV noise floor associated with the recording system. 8 Compared to the existing pTOF diagnostic filtered to admit D 3 He-protons (red dashed), the Mag-PTOF upgrade reduces the background by over three orders of magnitude. typical gas-filled hohlraum implosion with D 3 He gas-filled target, producing a D 3 He-proton yield of 1 × 10 8 and a DDneutron yield of 5 × 10 11 . Notably, the peak expected x-ray background has been reduced by over 3 orders of magnitude from the background in pTOF data when the diagnostic is filtered to admit D 3 He protons. Such data would readily provide robust measurements of both the shock-and compressionbang times using the D 3 He-proton and DD-neutron signals, respectively.
Since the detector, cables, signal recording system, and analysis procedure are all carried over from the pTOF diagnostic, the timing uncertainty budget for the MagPTOF upgrade, shown in Table II , is nearly identical to that reported in Ref. 8 . The dominant uncertainty in the proton time-of-flight is the uncertainty in the proton energy, which is measured by the neighboring WRF with a typical uncertainty of ±140 keV.
V. CONCLUSIONS
The MagPTOF diagnostic has been designed for the NIF to simultaneously measure shock-and compression-bang time in D 3 He gas-filled hohlraum implosions. This diagnostic, an upgrade of the existing pTOF diagnostic, incorporates a thick tungsten filter to shield the detector from high-energy x-rays generated by the hohlraum, and a magnet to deflect shock-generated D 3 He-protons around the shielding and onto a CVD-diamond detector. Background from x-rays is estimated to be substantially smaller than the signals of interest. Neutron scattering in the shielding and magnet has been simulated and the results indicate that this background does not impact the ability to measure compression-bang time using DD-neutrons. This diagnostic capability will provide the first measurements of shock-and compression-bang time in surrogate D 3 He gas-filled implosions at the NIF, which will mutually reinforce the proton spectral measurements of the ρR at shock-burn, providing a significant new constraint on modeling of the implosion dynamics.
